We report physiologically based pharmacokinetic-modeling analyses to determine olaparib (tablet or capsule) drug-drug interactions (DDIs). Verified DDI simulations provided dose recommendations for olaparib coadministration with clinically relevant CYP3A4 modulators to eliminate potential risk to patient safety or olaparib efficacy. When olaparib is given with strong/moderate CYP3A inhibitors, the dose should be reduced to 100/150 mg b.i.d. (tablet), and 150/200 mg b.i.d. (capsule). Olaparib administration is not recommended with strong/moderate CYP3A inducers. No dose reductions are required with weak CYP3A inhibitors/inducers. Olaparib was shown to be a weak inhibitor of CYP3A (1.6-fold increase in exposure of a sensitive CYP3A probe) and to have no effect on P-glycoprotein or UGT1A1 substrates. Finally, this model was used to simulate exposure in scenarios where clinical data of olaparib are lacking, such as severe renal or hepatic impairment populations, and provided initial dosing recommendations in pediatric patients.
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We report physiologically based pharmacokinetic-modeling analyses to determine olaparib (tablet or capsule) drug-drug interactions (DDIs). Verified DDI simulations provided dose recommendations for olaparib coadministration with clinically relevant CYP3A4 modulators to eliminate potential risk to patient safety or olaparib efficacy. When olaparib is given with strong/moderate CYP3A inhibitors, the dose should be reduced to 100/150 mg b.i.d. (tablet), and 150/200 mg b.i.d. (capsule). Olaparib administration is not recommended with strong/moderate CYP3A inducers. No dose reductions are required with weak CYP3A inhibitors/inducers. Olaparib was shown to be a weak inhibitor of CYP3A (1.6-fold increase in exposure of a sensitive CYP3A probe) and to have no effect on P-glycoprotein or UGT1A1 substrates. Finally, this model was used to simulate exposure in scenarios where clinical data of olaparib are lacking, such as severe renal or hepatic impairment populations, and provided initial dosing recommendations in pediatric patients.
Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? þ In vitro ADME studies suggested that olaparib is a substrate of CYP3A, a reversible/time-dependent inhibitor of CYP3A, an inhibitor of UGT1A1, P-gp, and an inducer of CYP3A.
WHAT QUESTION DID THIS STUDY ADDRESS?
þ What DDIs occur when olaparib tablets/capsules are coadministered with mild/moderate CYP3A inhibitors/inducers or CYP3A, P-gp, or UGT1A1 probe substrates? Is olaparib tablet exposure affected in mild/moderate/severe hepatically/renally impaired patients? What dosing recommendations are for pediatric patients? WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE? þ The developed PBPK model was used to simulate exposure in scenarios where clinical data of olaparib are lacking, such as DDIs with CYP modulators, severe renal or hepatic impairment populations, or in pediatric patients. This analysis supported the olaparib drug label as follows: when given with strong/moderate CYP3A inhibitors, olaparib tablet dose should be reduced to 100/150 mg b.i.d., and capsule dose to 150/ 200 mg b.i.d.: olaparib is not recommended with strong/ moderate CYP3A inducers: no dose reductions are required with weak CYP3A inhibitors/inducers: little change in the exposure of olaparib in patients with mild/moderate hepatic impairment was observed. HOW MIGHT THIS CHANGE CLINICAL PHARMA-COLOGY OR TRANSLATIONAL SCIENCE? þ Given the challenges of conducting DDIs, or special population (organ impairment and pediatric) studies in oncology, our model-based approach demonstrates that it is beneficial to utilize verified PBPK models to simulate changes in drug exposure in various scenarios to guide dosing information when clinical trials are not possible.
Olaparib (Lynparza) is a potent PARP inhibitor that has demonstrated antitumor activity. [1] [2] [3] [4] To receive the original capsuleformulation dose (400 mg twice daily (b.i.d.)), patients are required to take 8 3 50-mg large capsules b.i.d. (16 units/day) . A tablet formulation was developed to facilitate delivery of olaparib doses in fewer, smaller units (300 mg b.i.d.; 2 3 150-mg tablets b.i.d.; 4 units/day). Both capsule and tablet formulations are approved. 5, 6 Phase III trials of olaparib monotherapy using the tablet (300 mg b.i.d.) in patients with platinum-sensitive relapsed ovarian cancer and a BRCA1/2 mutation (SOLO2, NCT01874353), or human epidermal growth factor receptor 2 (HER2)-negative metastatic breast cancer and a BRCA1/2 mutation (OlympiAD, NCT02000622), demonstrated a clinically meaningful and statistically significant difference in progression-free survival in patients receiving olaparib compared with placebo or physician's choice chemotherapy, respectively. 4, 7 Comparison of the capsule and tablet formulations using a single aqueous dissolution medium and standard USP dissolution apparatus showed a slower rate of release for the capsule formulation compared to the tablet formulation (AstraZeneca unpublished data). The in vitro dissolution profile of the olaparib tablet and capsule formulations is discussed further in the Supplementary Supporting Information. Clinical investigation of the relative bioavailability of the tablet vs. capsule formulation indicated that at doses up to 100 mg, the two formulations had similar area under the plasma concentration-time curve (AUC) values but the maximum plasma concentration (C max ) values exhibited by the tablet formulation were significantly higher. At doses >100 mg, exposure to olaparib capsule formulation increased less than proportionally with dose, whereas exposure to olaparib tablets increased approximately proportionally with dose; thus, they are not bioequivalent. 8 During formulation development, consideration was given to the low solubility of olaparib and the potential impact upon exposure, particularly at higher doses. Both capsule and tablet formulations have been developed as enabled formulations rather than conventional immediate-release formulations; however, different mechanisms are employed to enable enhanced performance. The capsule consists of a dispersion of crystalline olaparib within a semisolid lauroyl macrogol-32 glycerides (LMG) matrix, which has been shown to enhance olaparib solubility. Exposure to olaparib increases less than proportionally with the capsule formulation for doses !100 mg owing to solubility limitations. Olaparib solubility in the hot-melt-extruded tablet formulation is enhanced by presenting olaparib in amorphous form. The tablet formulation also has a higher drugloading capacity (Table S1) .
Olaparib clearance is primarily through metabolism by oxidation via cytochrome P450 (CYP)3A4/5 (84% of total clearance), and to a lesser extent by renal elimination (16% of total clearance; Figure  S1 ). The olaparib mass balance absorption, distribution, metabolism, and excretion (ADME) study 9 results are described in the Supplementary Supporting Information and shown in Figure  S1 . Patients with breast, prostate, or ovarian cancer may suffer from varying degrees of hepatic impairment. [10] [11] [12] The effect of mild/ moderate hepatic or renal impairment on the pharmacokinetics of single-dose olaparib tablet in oncology patients has been investigated (NCT01894243, NCT01894256). 13 Following a single oral 300 mg dose of olaparib tablet formulation to patients with mild renal impairment, AUC and C max increased by 24% and 15%, respectively, and to patients with moderate renal impairment AUC and C max increased by 44% and 26%, respectively, compared to patients with normal renal function. Mild and moderate hepatic impairment had a minimal effect on exposure (change in AUC and C max <15% compared to patients with normal hepatic function).
Drug-drug interactions (DDIs) are one of the major causes of drug withdrawal from the market.
14 Oncology patients often have multiple comorbidities and therefore take multiple drugs; it is difficult to determine whether adverse events are the result of side effects from a single drug, interactions between two or more drugs, or exacerbations of the patient's underlying disease(s). 15 Given the challenges in conducting pharmacokinetic (PK) studies in patients with hepatic or renal impairment, as well as numerous DDI studies of anticancer drugs, it can be beneficial to utilize physiologically based PK (PBPK) models to predict changes in drug exposure in various scenarios to guide dosing where clinical trials have not been conducted. Validated PBPK models can also provide initial dosing recommendations for pediatric development plans. [16] [17] [18] [19] In vitro enzymology data have suggested that olaparib metabolism is predominantly CYP3A-mediated and olaparib has the potential to cause CYP3A reversible and time-dependent inhibition (TDI) and induction. 20 The DDI potential of olaparib is therefore multivariate, and predicting the net effect on CYP3A in vivo is challenging. The DDI of olaparib tablet with a CYP3A inhibitor (itraconazole) and inducer (rifampicin) has been studied in clinical trials of patients with solid tumors 21 ; however, equivalent studies have not been performed with the capsule. In vitro data have also indicated that olaparib shows inhibition of P-glycoprotein (P-gp) and UGT1A1 with measured IC 50 values of 76 and 96.7 lM, respectively. 5, 6 The objectives of the studies reported here were to:
Develop a mechanistic PBPK model of olaparib tablet and capsule formulations using Simcyp (Sheffield, UK) with olaparib (capsule and tablet) physiological parameters, human in vitro data, and human in vivo data to simulate olaparib exposure. Utilize observed clinical data 21 to verify model predictions of the effect of coadministration of olaparib with a CYP3A4 inhibitor (itraconazole) or inducer (rifampicin). Bridge the DDI outcome of the tablet to the capsule to provide dose-adjustment information for the approved capsule formulation by predicting the effect of weak to potent CYP3A inhibitors and inducers on exposure to olaparib capsule using the PBPK model. In addition, provide dose-adjustment recommendations for the tablet formulation given with weak to moderate CYP3A inhibitors or inducers. Simulate the DDI risk of olaparib as a perpetrator drug using the probe CYP3A substrates midazolam and simvastatin, the P-gp substrate digoxin, and the UGT1A1 substrate raltegravir. Utilize the PBPK models developed based on single-dose olaparib clinical trial DDIs to simulate DDI outcomes following multiple-dose administration. Apply clinical data from olaparib tablet studies in patients with mild/moderate renal or hepatic impairment to the PBPK models to predict changes in olaparib exposure when given to patients with mild, moderate, or severe renal or hepatic impairment after multiple dosing. Use the PBPK models to predict olaparib exposure in pediatric patients to recommend dosing regimens for clinical pediatric studies.
RESULTS PBPK simulations of olaparib tablet-and capsule-monotherapy exposure Figure 1a shows the mean concentration-time profile in plasma simulated by the PBPK tablet model for a single tablet dose of olaparib (300 mg) in the fasted state, accounting for CYP3A and P-gp inhibition and induction parameters; Figure 1b shows that for multiple tablet doses. The predicted PK parameters (AUC and C max ) were within 1.5-fold of the PK parameters observed for olaparib tablet monotherapy in the clinical trials 21, 22 following single or multiple oral tablet doses ( Table 1) . 23 For multiple tablet dosing, there was a predicted $24% decrease in olaparib clearance and therefore an increase in AUC at steady state (AUC ss ) of 1.35-fold over day 1 predicted AUC; this was in agreement with observed clinical data (NCT01921140). 22 A Figure For the capsule, multiple-dosing pooled PK analysis from NCT00572364, NCT00516373, NCT00494234, NCT00494442, NCT00628251, and NCT00777582 were used (data on file). AUC t , area under the plasma concentration-time curve from time zero to the last measurable timepoint; SD, standard deviation.
comparison of the observed and predicted clearance and distribution at steady state is shown in Table S7 .
The predicted median plasma concentration-time profile of a single olaparib capsule dose (400 mg) was comparable to that observed for olaparib monotherapy from pooled clinical trials ( Figure 1c) . Given the closeness to the mean of the observed data ( Table 1) , it was considered appropriate to use the model to predict systemic concentrations of olaparib following single oral doses of the capsule 400 mg ( Figure 1 ) to fasting patients and to perform DDI predictions with olaparib and CYP3A inhibitors. For multiple capsule dosing, there was a predicted $9% decrease in olaparib clearance and therefore an increase in AUC ss of 1.08-fold over day 1 predicted AUC. The observed PK data were overpredicted by 1.9-fold ( Figure 1d) . The model used to predict the DDIs of olaparib with CYP3A and P-gp substrates incorporated both TDI and induction of CYP3A4 to reflect the net effect of olaparib as a perpetrator.
PBPK simulations of olaparib tablet and capsule DDIs
Predicted and clinically observed changes for olaparib tablet and capsule exposure when dosed with CYP3A inhibitors, inducers, and probe substrates, as well as P-gp and UGT1A1 substrates, are shown in Figure 2 , Figure S3 , Table 2 , and Table S3 .
When PBPK model simulations were performed, matching clinical studies of olaparib tablets in combination with the CYP3A inhibitor itraconazole or inducer rifampicin, the ratio of the predicted to observed olaparib exposure was within the predefined (2-fold; widely acceptable clinically insignificant criteria for wider therapeutic drugs) 24 range of the observed exposure (Table 2, Figure S4 , Table S3 ).
PBPK model simulations of olaparib tablet or capsule coadministered with CYP3A inhibitors provided a consistent predicted increase in olaparib AUC and C max , with higher fold changes occurring with strong CYP3A inhibition, reducing with moderate and mild inhibition. Conversely, when coadministered with CYP3A inducers, olaparib AUC and C max were decreased (dexamethasone coadministration: no effect).
When olaparib was coadministered with the CYP3A probe substrate midazolam, the predicted increases in AUC and C max of midazolam were 1.6-and 1.2-fold (tablet) and 1.5-and 1.1-fold (capsule), respectively. Sensitivity analysis of the CYP3A inhibition parameters K i (reversible inhibition) and K I (TDI) suggested that an AUC ratio for midazolam of >2-fold was observed only when these parameter values (corrected for unbound fraction) were <10 and <40 lmol/L, respectively ( Figure S10 ; shown for TDI). The amount of active CYP3A enzyme in the liver was decreased by 24% (tablet) and 20% (capsule), whereas it was increased via induction in the gut ( Figure  S13 ). Coadministration of the CYP3A substrate simvastatin with olaparib (tablet and capsule) resulted in a predicted increase in simvastatin AUC and C max of 1.5-and 1.3-fold (tablet), respectively. When olaparib was combined with the P-gp substrate digoxin (capsule and tablet) or the UGT1A1 substrate raltegravir, no effect on exposure to either was observed.
PBPK simulations for recommendations for olaparib tablet and capsule dose adjustment when coadministering olaparib with CYP3A inhibitors, CYP3A inducers, or probe substrates of CYP3A, P-gp, or UGT1A1
Simulations for olaparib tablet or capsule DDIs were performed to guide dose-adjustment recommendations for patients receiving olaparib coadministered with other drugs. Table 4 shows the Figure 2 DDI predictions using the olaparib tablet model (AUC and C max ratios with 95% CI*) and observed olaparib tablet clinical data for interactions with itraconazole and rifampicin. *90% CIs are shown for observed clinical data for olaparib tablet monotherapy in clinical trials " 21, 22 " following single or multiple oral tablet doses, respectively. 22 CI, confidence interval. Vertical dotted lines represent the (80% and 125%) interval. predicted exposure ratios and dose-adjustment recommendations for olaparib tablet or capsule in combination with CYP3A inhibitors, CYP3A inducers, and probe substrates of CYP3A, P-gp, or UGT1A1.
As reported previously, 21 exposure to olaparib (tablet) was significantly increased when coadministered with the potent CYP3A inhibitor, itraconazole. Both olaparib tablet (100 mg) and capsule (150 mg) single dose administered in combination with itraconazole were predicted to give an exposure range that matched (within 2-fold) monotherapy predicted exposures of olaparib tablet (300 mg) and capsule (400 mg). For moderate CYP3A inhibitors, such as fluconazole, coadministration with olaparib tablet (150 mg) or capsule (200 mg) resulted in an exposure range and mean exposure closely matched (within 2-fold) with the observed and predicted monotherapy exposure of the olaparib tablet and capsule approved dose. There was no change in the predicted exposure of olaparib (tablet or capsule) when given with a weak CYP3A inhibitor such as fluvoxamine.
There was a reduction in exposure of olaparib (tablet or capsule) when coadministered with a strong or moderate inducer of CYP3A, such as rifampicin or efavirenz, respectively, whereas no change was observed for either formulation when given with a weak CYP3A inducer such as dexamethasone.
When olaparib was coadministered with CYP3A, P-gp, or UGT1A1 probe substrates, no clinically significant effect was observed for P-gp and UGT1A1 substrates, with a small increase in exposure to CYP3A substrates observed.
PBPK simulations for olaparib tablet and capsule given to patients with renal or hepatic impairment
The PBPK model reasonably predicted renal-impairment effects within 0.67-1.5-fold of observed olaparib tablet exposure from matched clinical studies (NCT01894256, NCT01894243; Table S4 ). 13 For moderate hepatic impairment, the initial PBPK model overpredicted olaparib tablet exposure by >2-fold. After the model was revised to include observed clinical trial data (see Methods), it predicted observed single-dose clinical data in patients with hepatic impairment within $1.25-fold. Table 3 shows the predicted exposure ratios for olaparib tablet or capsule in patients with mild, moderate, or severe renal or hepatic impairment. Table S8 shows the simulations of multiple confounding factors which otherwise are impossible to be studied clinically (e.g., moderate renal impairment patients with a strong CYP inhibitor as a comedication).
PBPK simulations of olaparib tablets in pediatric oncology patients
The updated PBPK model reasonably captured adult olaparibexposure profiles, so the model was applied to determine the olaparib tablet doses that resulted in equivalent exposure range to olaparib in pediatric patients of different ages by considering the ontogeny of the CYP enzymes ( Table 4) . Body weight normalized clearance values were compared among different age groups, increasing gradually from 1-3 months to 6 months to 1 year age groups, and were generally consistent from 1 year and older age groups ( Figure S15 ). As olaparib is mainly metabolized by CYP3A enzymes, this increase of clearance in the younger age groups reflects the maturation of the CYP3A enzymes.
Exposure-response relationship for both safety & efficacy
Based on a PKPD analysis of data from a recent phase III study (SOLO2; NCT01874353), no exposure-response relationships were found for efficacy or safety endpoints, except for with hemoglobin count and fatigue. The PKPD relationship for fatigue was flat, and for hemoglobin count the relationship was more significant. A 50% increase in exposure to olaparib is predicted to result in an $17.5% drop in hemoglobin level, which was considered to be significant. The decrease of hemoglobin count is expected to be reasonably managed in the clinical setting.
DISCUSSION
We report here a series of PBPK-based model experiments used to determine the DDIs for olaparib (tablet or capsule formulation) as a victim when coadministered with CYP3A inhibitors and CYP3A inducers and as a perpetrator when coadministered with CYP3A, P-gp, or UGTA1A probe substrates. Additionally, the models were utilized to determine the pharmacokinetics of olaparib tablet or capsule in patients with mild, moderate, or severe renal or hepatic impairment, and in pediatric subjects (tablet only).
The PBPK models developed were robustly defined using a mechanistic approach. The capsule and tablet formulations are not bioequivalent; the capsule exhibits solubility-limited absorption and nonlinear pharmacokinetics, and the PBPK model accurately predicted exposure to olaparib for both formulations. The in vivo plasma concentration-time profile for olaparib tablet monotherapy was predicted to be within $1.5-fold of the observed monotherapy clinical data. Clinical DDI studies with a strong CYP3A inhibitor, itraconazole, and a strong CYP3A inducer, 21 rifampicin, were used to verify the olaparib tablet PBPK model and to bridge the tablet DDI study results to DDI predictions for the capsule, taking into account differences in absorption between the two formulations. The in vivo plasma concentration-time profile for olaparib capsule monotherapy was predicted to be within 1.9-fold of the observed monotherapy clinical data.
The PBPK capsule model used to predict drug interactions incorporated both TDI and induction parameters of CYP3A. Although the observed olaparib PK data were overpredicted by 1.9-fold for the capsule formulation when CYP3A TDI parameters were included, the predicted AUC change for the CYP3A probe substrates midazolam and simvastatin and the P-gp substrate digoxin reflected the worst-case scenario, as $1.9-fold overprediction of portal-vein concentrations of olaparib is likely to be the driving force for the DDIs.
The tablet and capsule models were applied to inform drug labeling of olaparib by predicting olaparib multiple-dose DDI ( Table 2 ). The magnitude of the change following olaparib tablet dosing to patients with mild renal or mild/moderate hepatic impairment was low. 13, 25 The PBPK model overpredicted moderate hepatic impairment by >2-fold. This is likely to be because of several factors, including: physiological parameters related to blood flow away from the liver 26 ; variation in drug absorption (decrease in exposure due to congestion and decreased blood flow in intestinal mucosa) 27 ; displacement of drugs bound to albumin (protein-binding changes can be important but cannot be predicted without quantifying human serum albumin and a-acidic glycoprotein contributions) 28 ; quantification of the reductions in CYP and transporter activity (the contribution of CYP enzymes/ transporters to drug clearance and volume distribution is required to progress to more accurate predictions) 28 ; reduced renal metabolism (e.g., morphine glucuronidation); or reduced glomerular filtration and/or tubular secretion. 28 In addition, in patients with moderate hepatic impairment, cirrhosis may decrease gastrointestinal absorption because of congestion and decreased blood flow in the intestinal mucosa. 29 After reducing the fraction absorbed value to 0.60 from the original value of 0.94, based on literature observations, and switching to minimal PBPK from full PBPK, predictions of single-dose exposure to olaparib in patients with mild/moderate hepatic impairment were within $1.25-fold of observed clinical data (NCT01894243). Additional information on the modified physiological parameters used for the renal impaired patients are shown in Table S5 . The decrease in olaparib absorption observed appeared to counteract the effect of metabolism decrease, resulting in little change in the exposure of olaparib in patients with moderate hepatic impairment. The reduced CYP3A abundance in patients with hepatic impairment is supported by clinical studies investigating the pharmacokinetics of CYP3A4 substrates (alprazolam, alfentanil, midazolam, rivaroxaban), which included plasma protein-binding measurements and cohorts of patients with hepatic impairment compared with healthy age-matched subjects. [30] [31] [32] There are several drugs predominantly metabolized by CYP3A that have little change in drug exposure when given to patients with hepatic impairment (e.g., doravirinin, bosutinib, ombitasvir, ritonavir) 33 ; the studies reported here show that olaparib appears to behave in a similar manner. Finally, the tablet model was used to predict the exposure to olaparib when given to pediatric subjects of different ages by accounting for the ontogeny of the CYP enzymes. Simulations for adults using the approved tablet 300 mg b.i.d. dose were comparable to those observed in vivo (NCT01921140). Olaparib tablet doses resulting in an olaparib exposure range equivalent to those observed in adult patients for a range of pediatric ages ( Table 4 ). The dosing recommendations will be verified and revised if necessary when clinical data are available in patients <18 years old and when an appropriate formulation for younger children is available.
There are several limitations to this study. First, the effect of olaparib tablet or capsule, when coadministered with a CYP3A or P-gp probe substrate, has not been tested in an in vivo clinical study; therefore, the developed model has not been verified against any clinical study data. However, olaparib is itself a CYP3A and P-gp substrate that relies heavily on CYP3A for clearance, and the single-and multiple-dose plasma concentration-time profiles have been adequately defined: within 1.5-fold of the observed data for the tablet 25 and within 1.9-fold for the capsule. Furthermore, the model predicted only a minimal magnitude of effect of olaparib capsule on CYP3A and Pg-p. A second challenge of this PBPK approach is the prediction of simultaneous inhibition and induction of CYP3A enzymes. This may not be robust with mechanistic static models. 34 However, we have shown improved agreement with observed clinical data (predictions were within 1.9-fold of observed olaparib monotherapy clinical data) when the PBPK model incorporated all necessary and adequately characterized system and drug parameters. Recent studies have also used robust PBPK-modeling approaches to successfully predict the clinical drug interactions for mixed CYP3A inhibitors and inducers, 35, 36 further supporting our mechanistic PBPK-modeling approach to quantify the net effect of olaparib drug interactions.
In conclusion, in vitro studies suggested that metabolism of olaparib in humans is primarily mediated by CYP3A. The PBPK tablet model developed here adequately predicted the observed clinical tablet monotherapy and DDI data with potent CYP3A modulators and allowed simulation of the effect of other CYP3A modulators on olaparib tablet pharmacokinetics; it has also adequately predicted data following administration in patients with hepatic or renal impairment. Similarly, the PBPK capsule model adequately predicted the observed clinical capsule monotherapy pharmacokinetics and has provided DDI data with CYP3A modulators. The models developed have provided important information for olaparib tablet or capsule dose recommendations for coadministering olaparib with CYP3A4 modulators to eliminate the potential risk to patient safety or olaparib efficacy. Olaparib was shown to be a weak inhibitor of CYP3A and to have no effect on P-gp or UGT1A1 substrates. Finally, this model allowed prediction of initial dosing recommendations in pediatric subjects.
METHODS

PBPK model development
Olaparib tablet PBPK model. PBPK-modeling software (Simcyp, v. 16.1) was used to build PBPK models for simulating the human exposure of olaparib tablet or capsule ( Table 5) .
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Based on olaparib drug disposition and DDI mechanisms, the PBPK tablet model was built in three stages. First, the model was developed using in vitro and physical-chemistry data with a derived value of in vivo human intestinal effective permeability (P eff,human ) parameter to drive first-order absorption from an oral dose (Supplementary Supporting Information). An in vivo derived estimate of apparent oral clearance (CL po ) via a population PK model was used to predict the intrinsic clearance of olaparib (CL int ). Second, the P eff,human and CL po values were revised using the parameter-estimation option within Simcyp to fit P eff,human and CL po using emerging NCT01921140 clinical data (remaining parameters were fixed). Finally, the model was checked for consistency against clinical PK data and the in vivo clearance was converted into enzyme kinetic clearance using the retrograde model. To determine if the olaparib tablet model could replicate the plasma concentration-time profile observed in patients following single (300 mg) or multiple 300 mg b.i.d.) dosing, simulations were compared with matched clinical trial data (NCT01921140). 22 Metabolic routes of clearance were incorporated into the simulation of the plasma concentration-time curves using in vitro data, to predict the effects of the CYP3A inducer, rifampicin, and the CYP3A inhibitor, itraconazole, on olaparib tablet exposure. Additionally, in vivo monotherapy data from clinical studies (NCT01929603, NCT01900028, NCT01921140), 21 were used to verify the models. The final PBPK model used for simulation was based on a "middle-out" approach. 41 Olaparib capsule PBPK model development and bridging the formulations. The olaparib capsule PBPK model was developed in line with the tablet model, observed apart from differences in absorption between the two formulations, as well as CYP3A and P-gp inhibition and induction parameters (Table 5 ); the capsule model used refitted parameters (from NCT01851265) for extent of CL po and rate of P eff,human , and segmental solubility was used instead of intrinsic solubility. To determine replication of the plasma concentration-time profile of olaparib observed in patients following single (400 mg) or multiple capsule (400 mg b.i.d.) dosing, simulations were compared with clinical trial data (single dosing: NCT01851265) 25 ; multiple dosing was compared with pooled data from NCT00572364, NCT00516373, NCT00494234, NCT00494442, NCT00628251, NCT00777582, and D0810C00007. Predefined acceptance criteria to assess the predictive performance of the ; this value is in a reasonable agreement with apparent volume distribution (0.438 L/kg) estimated using a population pharmacokinetic approach. 38 For in vitro dissolution information on the tablet and capsule formulations, please see the Supplementary Materials. B/P, blood-to-plasma ratio; CL int , intrinsic clearance; CL po , apparent oral clearance; EC 50 , half-maximal effective concentration; E max , maximum achievable response; f u,gut , fraction unbound in gut enterocytes; f u,inc , fraction unbound in the incubation; f u,mic , fraction unbound in microsomes; f u,plasma , fraction unbound in plasma; HLM, human liver microsomes; K I , inhibitory constant for time-dependent inhibition; K i , inhibitory constant for reversible inhibition; K inact , rate of enzyme inactivation; MW, molecular weight; P eff,man , human intestinal effective permeability; pK a , acid dissociation constant (logarithmic scale); V ss , volume of distribution at steady state.
PBPK model was set to be between 0.5 and 2-fold, which was based on clinical relevance criteria. 24 Sensitivity analyses to optimize the PBPK models. The impact of model assumptions and uncertainties in the model parameters on the predictive performance of the olaparib PBPK model was investigated using sensitivity analyses (Supplementary Supporting Information; Figures S8-S13, Figure S17 ).
Verification of DDIs using oral olaparib tablet in oncology patients. Clinical trial DDI data of olaparib tablet dosed alone or in combination with itraconazole or rifampicin were used to verify the tablet PBPK model simulations. Simulations comprised 100 patients (10 trials of 10 patients each), except for itraconazole simulations, which used 140 patients (5 trials of 28 patients each). Simulations used a representative oncology patient population 39 and were performed with patients in a fasted state matching observed clinical data.
Clinical DDI studies with the strong CYP3A inhibitor itraconazole and inducer rifampicin were used to verify the olaparib tablet DDI model and to bridge the tablet DDI study results with capsule DDI simulations. Verified PBPK models were used to perform prospective prediction of DDIs where no clinical data were available ( Figure S2) , as described below. Input parameters for all drugs other than olaparib, dexamethasone, and raltegravir used reference values from the Simcyp compound library ( Table 5, Table S2 ). Simulated PK profiles after oral administration of multiple doses of itraconazole, OH-itraconazole, rifampicin, efavirenz, fluvoxamine, or single doses of midazolam, simvastatin, and digoxin were consistent with the observed literature data from clinical studies [42] [43] [44] [45] [46] [47] [48] and verification summary reports can be found in the Simcyp members area (https://members.simcyp.com/account/ libraryFiles/). Verification of dexamethasone and raltegravir are detailed in Pilla Reddy et al., 2018 49 and Hartman et al., 2013. 50 For both tablets and capsules predefined acceptance criteria to assess the predictive performance of the PBPK model was set to be between 0.5-and 2-fold, based on clinical relevance criteria. 24 Prospective DDI predictions for olaparib tablet and capsule. Olaparib tablet and capsule simulations are shown in Figure S2 . Briefly, olaparib tablet/capsule exposure was simulated in the presence and absence of multiple doses of the CYP3A4 inhibitors itraconazole (200 mg replicating NCT01900028 (tablet study)), 21 fluconazole (200 mg), and fluvoxamine (50 mg) and CYP3A4 inducers rifampicin (600 mg replicating NCT01929603 (tablet study)), 21 efavirenz (600 mg), and dexamethasone (8 mg). Exposures of the CYP3A substrates midazolam (5 mg) and simvastatin (40 mg), and the P-gp substrate digoxin (0.5 mg and 0.25 mg with olaparib tablet and capsule formulations, respectively) and UGT1A1 substrate raltegravir (400 mg) were simulated following a single dose in the presence and absence of daily dosing of olaparib tablets/ capsules.
Simulating olaparib tablet exposure when dosed to patients with hepatic or renal impairment. Simulations were conducted to predict changes in olaparib tablet plasma exposure in patients with hepatic or renal impairment at steady state using predefined Simcyp mild, moderate, and severe hepatically/renally impaired populations, 39 except for the Simcyp values for creatinine clearance in hepatically impaired patients, which used clinical values (NCT01894256 ; Table S6) , 25 which were in the normal range. The methodology for these simulated study designs is described further in the Supplementary Supporting Information.
The methodology for simulating olaparib tablet exposure when dosed to pediatric patients is also described in the Supplementary Supporting Information.
Additional Supporting Information may be found in the online version of this article.
